The research on species with capacity to tolerate and accumulate zinc is of 26 paramount importance for phytoremediation purposes. An experiment was designed to 27 investigate the effect of Zn from 0 to 100 mmol l -1 on the growth, photosynthetic 28 apparatus and nutrient uptake of the halophytic species Juncus acutus. Gas exchange, 29 chlorophyll fluorescence and photosynthetic pigments concentration were measured. 30
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In October 2012, after five months of seedling culture, the pots (with between 5 111 and 6 tillers) were randomly allocated still inside the glasshouse to five Zn treatments 112 
Gas exchange 142 143
Measurements were taken on random, fully developed photosynthetic tillers (n = 144 10, two measurements per plant) using an infrared gas analyser in an open system (LI-145 6400, Li-Cor Inc., Lincoln, NE, USA) after 50 days of treatment. Maximum net 146 photosynthetic rate (A), intercellular CO 2 concentration (C i ) and stomatal conductance 147 to CO 2 (G s ) were determined at CO 2 concentration of 400 µmol CO 2 mol -1 air, 148 temperature of 25-30ºC, 42.4 ± 0.4% relative humidity and a photon flux density of 149 1000 µmol m -2 s -1 once a steady-state was reached. A, C i and G s were calculated using 150 standard formulas of Von Caemmerer and Farquhar (1981) Plants were dark-adapted for 30 minutes using leaf-clips designed for this 185 purpose. The minimal fluorescence level in the dark-adapted state (F ) to investigate whether zinc concentration affected the sensitivity of plants to 183 photoinhibition (Qiu et al., 2003) . 184 0 ) was measured 186 using a modulated pulse (<0.05 µmol m -2 s -1 for 1.8 µs) too small to induce significant 187 physiological changes in the plant (Schreiber et al., 1986) . The data stored were an 188 average taken over a 1.6 seconds period. Maximal fluorescence level in this state (F m ) 189 was measured after applying a saturating actinic light pulse of 10000 µmol m -2 s -1 for 190 0.8 s (Bolhàr-Nordenkampf and Öquist, 1993 In accordance with protocols of Mateos-Naranjo et al. (2008) , at the end of the 211 experiment, tiller and root samples were dried at 80ºC for 48 h and ground. Tillers and 212 roots were carefully washed with distilled water before any further analysis. Then, 0.5 g 213 samples from tillers and roots (taken from five plants per treatment) were digested in 214 triplicate with 6 ml HNO 3 , 0.5 ml HF and 1 ml H 2 O 2 . Ca, Mg, K, P, Na and Zn 215 concentrations in tillers and roots were measured by inductively coupled plasma (ICP) 216 spectroscopy (ARL-Fison 3410, USA). Total N and C concentrations were determined 217 for undigested dry samples with an elemental analyzer Spain Fig. 1A ). Compared to the 235 control, the reduction in total dry mass for 100 mmol l (Fig. 1A) . 237 -1 Zn treatment than in control (Anova, P < 0.05; Fig. 1D ). Compared to the 241 control, the reduction in RGR for 100 mmol l -1
243
Zn treatment was 21% (Fig. 1B) with values around 0.84 (Fig. 3A) . F v /F m at midday were always lower than at dawn (t-264 test, P < 0.05), probably because of the lower F m at midday than at dawn (data not 265 presented). F v /F m at midday did not show differences among treatments (Anova, P > 266 0.05). 267 midday were lower than at dawn in all treatments (t-test, P < 0.05; Fig. 3B ). 269
Finally, NPQ showed no relationship with Zn concentration at dawn, whereas at 270 midday it increased compared to the control when the plants were exposed to external 271 concentrations of 30 mmol l Finally, C/N ratio was higher in roots than in tillers and this ratio decreased in 288 presence of zinc in the nutrient solution for both tissues ( Zn (Anova, P < 0.05; Fig. 4A ). In contrast, roots and tillers Ca, 280 K, Mg and P concentrations showed no significant overall response to Zn concentration, 281 although roots and tillers Ca and Mg concentrations were lower at the highest level of 282 zinc than in control (Anova, P < 0.01; Fig. 4B, F) . Contrary, root K and P 283 concentrations were lower in absence of zinc than in the rest of treatments (Anova, P < 284 0.01; Fig. 4D, E) . On the other hand, tissue Na concentration in roots was higher than in 285 tillers, increasing with external Zn concentration in both tissues (r = 0.98, P < 0.01; r = 286 0.96, r = 0.01, for roots and tillers respectively; Fig. 4C) . 287 291
Discussion 292
The research on biological resources which could be used as bio-tools for 294 managing heavy metal pollution is one of the fundamental guidelines for the design and 295 development of effective methodologies for environmental remediation. Hence, the 296 location of species with a high capacity for metal-accumulation and for growth under 297 metal-polluted conditions can be of paramount importance for the remediation of metal 298 pollution (Tripathi et al., 2007; Zhang et al., 2010 be able to accommodate to prolonged exposure to high external zinc concentration, this 363 involving considerable physiologic plasticity. In fact, F v /F m at dawn and midday did not 364 change across the same range of external Zn, this ratio being commonly used to 365 quantify photoinhibition (Maxwell and Johnson, 2000) , a phenomenon that affects 366 photosynthetic productivity and, consequently, plant growth (Melis, 1999) . Therefore, 367 the long-term effects of the highest Zn concentration on the growth rate of J. acutus 368 could be due to the different development of the photosynthetic area rather than to 369 variations in net photosynthetic rate. Hence, similar rates of CO 2 assimilation could be 370 more than compensated for by a greater photosynthetic area in low Zn concentration. 371
This response might provide positive feedback, since larger photosynthetic areas would 372 induce higher growth rates which would in turn induce more photosynthetic area, 373 amplifying the difference between plants at different zinc concentrations over time. 374
Thus, in our experiment, the largest differences in RGR were related to variations in the 375 number of tillers, which might be related to differences in photosynthetic area and hence 376 to reduction in light interception. In line with our results, Delperee and Lutts (2008) also 377 found that growth inhibition was not correlated with CO 2 assimilation rate for Solanum 378 lycopersicum under cadmium stress conditions. This was explained by the presence of 379 several mechanism of tolerance related with oxidative stress control and the protection 380 of photosystems. It is possible that J. acutus used the same protection system. In this 381 respect, the hypertolerance of J. acutus to Zn stress was also reflected in the integrity 382 and functionality of its photochemical apparatus. Several studies have reported a direct 383 effect of zinc on the photosynthetic electron transport chain (Vaillant et al., 2005; 384 Mateos-Naranjo et al., 2008) , which may be associated with a substantial stress 385 response. Our data showed that F v /F m values were always lower at midday than at 386 dawn, a fact that indicated that J. acutus experienced some degree of dynamic 387 photoinhibition at the higher light flux. Several authors have defined dynamic 388 photoinhibition as a reversible mechanism controlling the dissipation of excess 389 luminous energy by means of thermal dissipation (NPQ), which is in agreement with 390 the greater NPQ at midday than at dawn in our data. This was supported by the lower 391 Φ PSII at dawn than at midday, a decrease due to the increase in NPQ, which indicates 392 that the plants dissipate light as heat, thereby protecting the leaf from light-induced 393 damage (Maxwell and Johnson, 2000) . Dawn values of F v /F m On the other hand, the reduction in the absorption of essential mineral elements 397 has been described as one of the effects of heavy metals on plants (Chaney, 1993; 398 Kabata-Pendias and Pendias, 2001) . In this regard, our mineral nutrient analyses 399 
